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(57) Abstract 



A double layer electrolytic capacitor of two electrodes each in contact with a common electrolyte. At least one of the elec- 
trodes is comprised of a crystalline material characterized by the presence of van der Waals channels in the material. These van 
der Waals rfwmmk are adapted to accommodate the electrolyte within the channels, such that a double layer of charge is formed 
at interfaces of the van der Waals channels and the electrolyte when a voltage is applied between the two electrodes. 
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ELECTROLYTIC DOUBLE LAYER CAPACITOR 

This application is a Continuation-in-Part application of copending 
U.S.S.N. 07/960,251 filed October 13,1 992, which is a Continuation of 
application U.S.S.N. 07/783,850, filed October 29, 1991, now abandoned, 
g Bnffr ififMmri of the Invention 

This invention relates to double layer capacitors, and more 
particularly relates to high-energy, high-power electrolytic capacitors. 

Conventional electrolytic capacitors store energy by accommodating 
a so-called double layer of charge at the interface of each capacitor 
10 electrode surface and the electrolytic solution between the electrodes. The 
electrode surface area thus limits the energy storage capacity of such 
capacitors; the larger the electrode surface area, the larger the double 
layer of charge which may be generated, and hence the greater the energy 
storage of the capacitor. Typical applications restrict the practical limit 
15 of a capacitor's physical size, however, and thereby Knrit the achievable 
energy storage capacity provided by the macroscopic surfaces of the 
capacitor. 

One double layer capacitor design which overcomes the macroscopic 
capacitor surface area limitation employs powdered electrode materials, 

20 e.g., high-area, activated carbon particles, to microscopically increase the 
surface area of the capacitor electrodes. In such a capacitor, the carbon 
particles are bound together to form a porous electrode structure in which 
the exposed surfaces of the particles contribute to the overall electrode 
surface area. The internal resistance and capacitance of the porous 

25 electrode structure is a complicated function of the carbon particles' 
structure and configuration 

Snipwuyry of the Invention 
In general, in one aspect, the invention provides a double layer 
electrolytic capacitor of two electrodes each in contact with a common 

30 liquid electrolyte. At least one of the electrodes comprises a crystalline 
material characterized by the presence of van der Waals channels in the 
material. These van der Waals channels are adapted to accommodate the 
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e^yte withm the channels, such that a doubl layer rf charge ,h 
at interfaces f fee van der Waals channel* and the electrolyte 
when a voltage is appUed between the two elides. Ttaabffityto 
utilize the van der Waals channels as extensions of the electrodes 
5 macroscopic surface provides a dramatic increase in capacitance over 
clonal doable layer capacitors. Further detailed descnpuons of 
compounds havingvanderWaalscl^ 

pounds are provided in the following apphcatdons, all filed of equal 
date as -Electrolytic Douhle Layer Capacitor-, and hereby incorporated by 
10 reference: "Capacitive Thennoelecfcic Device' and "Energy Storage 
Device". 

In preferred embodiments, one of the electrodes composes the 
cry^e material and ffieotb^^^ 

container m which the electrolyte and the crystalline electrode are 
!5 positioned; more preferably, both electrodes of the capacitor are composed 
of tbe crystalline material. Preferably, tbe electrodes are each composed 
of a monocrystal of the crystelhne material In other preferred 
enibodimenta, *e two electrodes each are composed of monocrystalline 
powder particles of the crystalline material, the particles bexng 
20 approrimately 70 microns in a longest dimension. Preferably, the 
crystalline material is a bismuth chalcogemde, of Bi,Ch* where Ch is 
seleetedfromthegr^ 
range of 1 to 3. 

In one preferred embodiment, the electrolyte is a LO M LiClO, 
solution in propylene carbonate; in other embodiments, the electrolyte is 
a L2 M solution of organic cation of perchlorate in a mixture of propylene 
carbonate which is dissolved in dimethoxyethane, or an aqueous solution 

of potassium hydroxide. 

Preferably, the dectrodes' van der Waals channels are adapted to 

accommodatetheelectr^ 

of ions from the electrolyte into the van der Waals channels, tbe voltage 
being sufficiently high to achieve electrolyte penetration of the channels . 



25 



30 
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Preferably, th voltage is periodically reversed in polarity between the 
electrodes during th intercalation process. M st preferably, the voltage 
is applied to th electrod s for approximately 600 minutes, and the voltage 
polarity is reversed approximately every 30 minutes. ThiB training process 
5 allows the electrolyte to penetrate the electrodes' van der Waals channels 
and form a double layer of charge at the channel surfaces, thereby 
dramatically increasing the total surface area of the electrode. Other 
features and advantages of the invention will be described in the following 
description and in the claims, 
in Brief Description of TVrq ° H "fT 

Pig. 1A is a schematic illustration of one embodiment of the 
capacitor of the invention; 

Fig. IB is a schematic illustration of a second embodiment of the 

capacitor of the invention; 
15 Pig. 2A is a schematic illustration of the capacitor of Pig. IB at a 

first stage of training; 

Fig. 2B is a schematic ffluatration of the capacitor of Fig. 2A at a 

later stage of training; 

Fig. 2C is a schematic illustration of the capacitor of Pig. 2A at a 

20 final stage of training; 

Fig. 2D is a schematic illustration of the capacitor of Fig. 2A 
including the formation of a double layer of charge; and 

Fig. 3 is a diagram of an equivalent circuit for representing the 
capacitors of Figs. 1A and IB. 

25 
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rw^prinn of t he PjEgferrgj 1 ^^iment 
As an example of Innitation of capacitors, the capacitance of a 
typical parallel plate capacitor is given by: 
C = eoES/d, 

constant of the medium between the capacitor electrodes, Sis the surface 
area of the capacitor electrodes, and d is the width of tbe medium 
separating the electrodes. The capacitance, and correspondingly, the 
energy storage, of a given capacitor are thns limits by the geometry .e., 

10 the surface area, the electrode spacing, the material properties of the 
electrodes, and the medium separating them 

The definition of capacitance for a double layer capacitor is further 
specified by the structure of the charged double layer and its geometry. 
This double layer comprises charge accu^ 

!5 and accumulation of ions a^ 

Thus, for double layer electrolytic capacitors, the width d in the 
capacitance equation is given by the distance between the centers of the 
two regions constituting the double layer. 

The capacitor of the invention provides a dramatic increase m 

20 cupacitence and energy 

^ce area of the capacitor electrodes and through proper selection of the 
electrodes and the electrolyte. Most notable of the invention's advantages 
is that the increased surface area does not rely on increasing the 
raacroscopic dimensions of the electrodes, and further, doea not rely on 

25 particle surface areas, as in typical carbon electrodes. Bather, the 
increased electrode surface area is obtained using a particular class of 
materi als, namelyintercalation compounds, which are characterized by a 
layered crystalline structure. * The crystal layers of intercalation 
compounds comprise planes of molecules or atoms which are weakly bound 

30 together and «^^ta«^«fl«lV«teW^«ei~ Bi-e 
van der Waals regions form anisotropic channels in the crystal lattice 
between the planes of molecules or atoms, resulting, in effect, in a "two 
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diinensionar crystal structure. Intercalation materials typically exhibit 
on the order of 10 6 -10 7 layers per millimeter of material thickness. Due 
to the weak van der Waals force between the crystal layers, the lattice 
channels can accommodate the physical introduction, or so-called 

5 intercalation, of a guest intercalant species into them. 

In the capacitor electrodes of the invention, the van der Waals 
regions of the electrode material are manipulated such that the surfaces 
of the crystal lattice channels, although internal to the electrode material, 
contribute to the overall electrode surface area, and thereby increase the 

10 effective electrode surface area beyond that of its macroscopic surface. As 
described in detail below, surfaces of the van der Waals channels of the 
electrode material are capable of forming a double layer with an 
electrolyte in exactly the same manner as the electrode macroscopic 
surface forms a double layer. Recognition and exploitation of this physical 

15 process has enabled the inventors herein to achieve the dramatic energy 
storage capability of the capacitor of the invention. 

The inventors herein have recognized that a particular type of 
intercalation compound, namely bismuth chalcongenides, including BL,Te a 
and BijSes, are particularly well-suited for providing van der Waals 

20 channels as an extension of electrode surface area. Electrodes composed 
of these materials, when used in combination with a suitable electrolyte, 
generate a highly uniform double layer of a desirable structure. As is 
wen-known to those skilled in the art, bismuth chalcongenides exhibit a 
layered crystalline lattice which is layered at the molecular level, each 

25 layer being Beparated by a van der Waals channel having a width on the 
order of 3-4 A. Further material properties of bismuth chalcogenides are 
given in the copending United States Patent Application entitled "Layered 
Crystalline Material Capable of High Guest Loading," herein incorporated 
by reference, being filed on the same day as the present application. Of 

30 the materials surveyed, the inventors have found that of the bismuth 
chalcogenides, Bi^Te* exhibits the best electrical conductivity, and is thus 
most preferabl as an electrode material, while Bi 2 Se 3 exhibits a lower 
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conductm^and&uBislesspreferabl as an electrode material. 

The abflity to manirmlate the bismuth chalcogenides, and indeed 
any layered intercalation material, for employing their van der Waals 
channels to increase electrode surface area, is dramatically mapacted by 
5 the purityand defect deadly of ihe chosen material. Impurities and 
crystal fottice defects diBtort the geometry of the van der Waals channels, 
rendering them less accessible to intercalating species, degrading the 
channel surface structure and thus degrading the electrical and 
mechanical properties of the channels. Accordingly, it is ideafly preferred 
10 that the material chosen for the capacitor electrodes be prepared u^ 
unioueprocesses, developedby theinventors herein, yieldingaMghlypure 
and as defed>free as possible monocrystalKne material. To that end, the 
following single crystal growth process is preferred for bismuth 
chalcogerdde materials. Alterr^ processes, providing less than ideally 
15 pureanddefe^froenmteria^^ 

capacitor appKcations. Those skuled in the art wffl recognize cntical 
material parameters and corresponding performance results. 

La the preferred intercalation compound preparation process, 
stdcmometric quantities of highly purified (99.9999% pure) bismuth and 
20 tellurium (or other selected chalcogerdde) are first charged into a quartz 
ampoule. If necessary, the materials are zone refined before use. Off- 
stoicmometry results in en n- or p-doped material with the resultant 
degradation of the lattice structure and the associated performance. The 
ampoule is evacuated to 10"' mmHg and backfilled to a pressure ofKT 3 
25 „nnHgwithasmallamour*of^ 

such as hydrogen (3-10 cycles), and then sealed. Hydrogen is particularly 
preferred because it reads with oxygen during processing to prevent 
oxidation and decrease the segregation of chalcogerdde by reducmg its 
vapor pressure. 

30 A highly homogeneous ^crystalline material is prepared in a first 

processing Btep. The sealed ampoule is placed in a furnace at room 
temperature and heated to a temperature 5^10°C above its melting pomt. 
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The ramp rate, temperature and reaction time are dependent upon the 
final compound. The reaction conditions are listed in Table I for the 
preparati n of polycrystalline BiA, Bi^, and Bi 2 Te 3 . The temperature 
of the furnace over the entire length of the ampoule is controlled to within 
5 ±0.5°C. Careful and accurate control of the temperature is important 
because of the high volatility of chalcogenides. Temperature variations 
along the ampoule length causes segregation of chalcogenide which leads 
to off-stoichiometry. To optimize the temperature control along the length 
of the ampoule, a long furnace can be used. Additional heating coils can 
10 be used at furnace ends to reduce the temperature gradient at the furnace 
exits. 

Table L Processing conditions for polycrystalline material 



15 



20 



30 



processing conditions 

heating rate to T^ (°C/h) 
exposure time (h) 

atT^ + lO^ 
cooling rate (°C/h) 



Byre, 


Bi.Se, 


Bi, 


30 


20 


15 


10 


15 


20 


50 


40 


35 



During the last hour of reaction time, the ampoule is agitated or 
vibrated to insure complete mixing of the ampoule components. The 
ampoule vibration is in the range of 25-100 Hz and is accomplished by 
25 fixing one end of the ampoule to an oscillation source. Any conventional 
vibration means is contemplated by the present invention. After reaction 
is complete, the ampoule is cooled at a slow controlled rate. 

Once a homogeneous polycrystalline material is obtained, it can be 
further processed into a highly defect-free bismuth chalcogenide angle 
crystal. Any known method of growing single crystals can be used, such 
as Bridgeman techniques, Czolchralski process and zone refinement 
(recrystauization). In particular zone refinement has proved to be highly 
effective in obtaining high purity single crystals. 

Zone refinement is preferably carried out in a quartz boat 
containing a seed crystal of the desired lattice structure, e.g., the 



35 



PCI7US92/W244 

W093/M552 

-8- 

h^nal lattice structure.. It fereconunendedtimt dean rooms levals f 
Class 100 be maintained. The seed crystal is oriented in * b— * 
that crystal layere are horizontal. The entire apparatos should be shock- 
^ted te insulate against environmental vibrations. The bonle of 
5 polyrrystallme material is positioned in surface contact with the seed 

crystal. . . 

The famace comprises two parte, an outer furnace for mamtexrnng 

an elevated ternperatere along the entire boule length and a narrow zone 
m0 vable in a direction for heating a small portion of the polycrystelhne 
10 matexiaL Tb* <nn^ furnac* is nxa^ 

melting point of the polycrvste^ Ur^ for 1he preparation 

ofthepolycryst^iriaterial.m 

the boule can be rapidly heated te the operating temperature . Thezone 

15 isimtianypositior^^ 

he^tedteti^meltingiKn^ofthemateriaL The zone is moved slowly 

down the length of the boule. Zone travel rate varies with imposition, 
and exemplary rates are shown, along with other processing parameters, 
in Table H Zone travel rate is an important processing parameter. If it 
20 is too great, crystallization is incomplete and defects are formed. If it is 
too slow, layer distortions result The lower portion of the heat-treated 
boule in contact with the quartz boat is preferably removed before use. 
Table IL Processing conditions for hexagonal single crystal 
growth. 

25 THfinocging conditions Kfe Bi^ Bi^ 

v i M-35"C HL-S5°C M,-^ 

We ^P^f M + 10°C ^ + 10"C M* + 10°C 

on 20116 8rnmZ 6mm/bx 3nWhr 

30 SSl* 40'C/br 35<<*hr 

The above process can be modified slightly to produce crystals of 
35 rhcnilKmedralstruc^ 
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in the zone refinement process. In addition, to obtain rhombohedral 
crystals, the furnace temperature is held at 30°C below th melting point 
and the zone is maintained at the melting point f the polycrystalline 
material. 

5 Preferably, a monocrystalline intercalation compound, and most 

preferably, bismuth chalcogenide, is grown using the process described 
above to produce monocrystaEine electrode structures. For example, as 
one embodiment of the invention, monocrystalline bismuth chalcogenide 
electrodes are produced having a rectangular geometry with sides of 4 

10 millimeters-long and 5 millimeters-long, and having a thickness of 
between 0.5-1 millimeters. It is preferable to metalize one of the feces of 
the monocrystalline material which is perpendicular to the plane of the 
van der Waals channels within the crystal. This metalization may consist 
of, for example, a nickel paste, which is spread on the crystal to form a 10- 

15 20 micron-thick metal layer. The metalization provides both a good 
electrical contact to the crystalline piece and enhances the rigidity of the 
crystalline piece. 

Alternatively, the monocrystalline bismuth chalcogenide material 
may be ground into a powder for forming the electrodes; such a powdered 

20 material is more easily manipulated than the single crystal material. The 
crystal grinding process may be carried out using, for example, a ball 
milling device, or other grinding device, to produce single crystal particles 
each having a diameter of preferably approximately 70 microns. Other 
particle diameters may be more preferable in specific instances. The 

25 crystal particles are then mixed with an appropriate compound to bind 
them together. While the binder acts, in effect, to "glue" the particles 
together, it must not completely electrically insulate the particles from 
each other. The binder material is selected according to the electrolyte. 
When an aprotic electrolyte solvent is used, the binder preferably consists 

30 of a 3% aqueous solution of carboxymethylcellulose, in which the particles 
are mixed; for other electrolytes, alternative binding agents, e.g., a 5% 
polyethylene dispersion in n rmal hexane, may b used. The resulting 
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powder-binder mixture is placed into an electrod mold and to dri da* 
room temperature. Th electrode geometry, as determined by the mold, 
may be, for example, ^shaped, aa is conventional for capacitors, with 
an electrode thickness of between 0.3-1 millimeter. Alternative electrode 
5 geometries are also feasible. 

The grinding process described above produces some amount of 
crystal damage, and contending crystal defects. However, because of 
the weakness of the van der WaaJs attractive force between the crystal 
layers of intercalation compounds, these compounds cleave readily along 
10 the axis of the channels without much danger of lattice damage or 
distortion. 

Electrodes formed using the process described above may be 
employed in any of a variety of capacitor configurations. Referring to Fig. 
1A (not shown to scale), in one configuration, a capacitor 10 induding a 

!5 bismuth ehalcogenide electrode 20 is constructed as follows. The capaator 
electrode 20, whether consisting of a noncrystalline piece or a molded 
crystal powder, is located in contact with a selected electrolyte 30, 
supported by an electrically conducting container 35. Ideally, this 
conducting container is composed of an ideally nonpolarizable material. 

20 A power supply 40, such as a battery, is electrically connected to the 
electrode 20 via a conductor 45, such as a wire, and correspondingly is 
connected to the con^ictir^ 

The electrolyte 30 suitably consists of an aqueous solution of, e.g., 
alkali, or preferably, L0 M of IiClO, in propylene carbonate. Aseparator, 

25 consisting of 2 layers of non woven polypropylene, each layer 100 pm- 
tmck, and saturated with the electrolyte, provides mechanical support of 
the electrolyte. Alternatively, for various electrode materials, the 
electrolyte may comprises a L2 M solution of organic cation of perchlorate 
in a mixture of propylene carbonate in dunethoxyethane, an aqueous 

30 solution of potassium hydroxide, an aqueous solution of single valence 
metal sulphates, or other aqueous solution. 

Referring also to Fig. IB, in a second capacitor configuration 60, two 



WO93/09552 PCT/US92/09244 

- 11- 

identical bismuth chalcogenide el ctrodes 20 are separated by the 
electrolyte 30. Using the IiC10 4 propylene carbonate electrolyte discussed 
abov , a polypropylen separator is suitably impregnated with the 
electrolyte solution and is positioned between the electrodes 20. The 
5 electrodes, held apart by the separator, are then inserted into a supporting 
frame (not shown) and sealed in a pressing form. The power supply 40 is 
electrically connected to each of the electrodes 20 via similar conductors 
45, e.g., good conducting wires. 

Before an electrolytic capacitor having electrodes of an intercalation 
10 compound, preferably bismuth chalcogenide, can provide increased surface 
area when operated as a capacitor, the bismuth chalcogenide van der 
Waals channels must be manipulated, or "trained", to provide the extended 
surfaces. As explained in the discussion above, the van der Waals channel 
Burfaces, after being trained, can form a double layer with the electrolyte 
15 in a manner similar to that in which the electrode macroscopic surface 
forms a double layer. Accordingly, "training" is aprocess, described below, 
whereby electrolyte (and ions) are driven within the van der Waals 
channels to facilitate flow of electrolyte into and out of the channels. 

Referring to Fig. 2A, there is shown a capacitor 60 having two 
20 bismuth chalcogenide electrodes 20a, 20b at the start of the training 
process. The dimensions of the electrodes' van der Waals channels 70a, 
70b are greatly exaggerated for clarity, and it must be recalled that each 
electrode is comprised of on the order of 10 6 -10 T such channels. Between 
the two electrodes is positioned a IiC10 4 -based electrolyte 30. During the 
25 training process, the power supply 40 ia set to provide a voltage which is 
greater than the faraday potential for cation intercalation, and thus the 
voltage depends directly on the particular combination of capacitor 
electrode material and electrolyte employed. Given a particularly chosen 
electaode-electrolyte combination, those skilled in the art will recognize 
30 that the corresponding faraday potential may be determined in a standard 
table of material systems and faraday voltages. 

At the start f the electrode training, when a voltage abov the 



15 
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fcraday vottage » appiied to to «p«tnr, *» — «* » " raK ^ t0 

ctarge ThesuriacesoftovanderWaaUchan»ais70b ftoelectrode 
Hkewise accumulate this positive surface charge. Correspondingly, both 
5 thamam^s^^^sar^ofthevar.darWa^chaBneb 

70a of the electrode 20a connected to the negative terminal of the power 
a^plyacrammlate a negative aurfiice charge. 

In response to tins surface charge configuration, free la* ions 72 
readily intercalate the negatively charged electrode 20a, because of the 
10 favorable charge and energy configuration, and because their ionic radius 
j.,d^»^«»«to,H*h.fto™.i«W.*d-n-ta. fix 
addition, solvated If complexes 74 move toward to negatively charged 
sUctode surface and solvated CIO.- complexes 76 move toward the 
po^y charged electrode surfece. The positively charged electrodes 
^ der Waals channels 70b, being 3-4 A-wide (as occurring before the 

them; the solvated Li* complexes, however, do to a small degree penetrate 
the 3-4 A-wide channels 70a of to negatively charged electrode 20a, 
effectively being transported along with the free Li* ions to to electrode 
D aarto and withm to electrode channels. As a result, to solvated Lf 
^optea. sBghfly widen to channels tot toy partially enter m to 

negatively charged electrode. 

In order to cause the solvated IT complexes to penetrate the 
opposite electrode 20b, the polarity of the power supply is reversed. Then, 
25 the accumulated surW charge distribution reverses; the previously 
positively charged electrode now accumulates negative surface charge, and 
attracts the free LT ions 72 and solvated complexeB 74. The free LT ions 
72 readily intercalate the channels and the solvated complexes 74 again 
partially enter the corresponding van der Waals channels, and thereby 

30 slightly widen the channels. 

Referring to Fig. 2B, repetition of this process of voltage polarity 
etching progressively widens the van der Waals channels of each of the 
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electrodes 20a, 20b. Throughout the process, the voltage may be 
increased, depending on the initially applied v ltage, to thereby increase 
the attraction of th ions and el ctrolyte to the van der Waals channels. 
At an intermediate point in the training process, as depicted in the figure, 
5 the solvated Li* complexes 74, as well as the free Li* ions, will be able to 
completely penetrate the widened channels 70b of the electrode 70b which 
is currently negatively charged. The solvated CIO/ complexes, being of a 
larger size than the solvated Li* complexes, will not yet be able to 
completely penetrate the channels of the currently positively charged 

10 electrode 70a, however. 

At the end of the training process period, referring to Fig. 2C, both 
the solvated CICV complexes 76 and the solvated Li* complexes 74 are able 
to completely penetrate the van der Waals channels 70a, 70b, of both 
electrodes, 20a, 20b. As shown in Fig. 2D, at this tune, electrically neutral 

15 electrolyte (including both CIO/ complexes 76 and Li* complexes 74) is 
thereby able to completely penetrate the van der Waals channels and 
create an electric double layer of charge 80, 82 and 84, 86 at the electrode- 
electrolyte interface throughout the van der Waak channels of each 
electrode, in a manner similar to that which occurs at the macroscopic 

20 surface of the electrodes. This penetration of electrolyte throughout the 
crystal channels forms the basis for achieving the significant capacitance 
and energy storage increases provided by the invention. , 

The extent of training required to achieve penetration of the 
electrolyte and its solvated ionic species within the electrodes' van der 

25 Waals channels is critically dependent on the particular combination of 
electrode material and electrolyte employed. The width of the electrode 
van der Waals channels before undergoing any training process and the 
radius of the solvated complexes in the electrolyte determine the training 
required; the larger the radius of the complexes and the smaller the van 

30 der Waals channels' width, the longer the training time requirement. For 
the electrode material B^Teg and an electrolyte based on LiC10 4 , the 
training preferably consists of about 20 training cycles f approximately 
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30 minutes ea*. -tare the patent of the power supply i. reversed with 
eachcyde. For spedfio capacitance «• * - ff-^* 

adjusted, however. With less training, a lower degree of electrolyte 
penetration within the channels wouldbe achieved, and a correspomhngly 
5 lower double layer capacitance woukl result. Thus, for achieving the 
.naximom possible capacitance of a given electrode, the training should be 
mmil nized. Those eHled in the art will recognise that a preferable 
fining procedure may be empirically determined for a given electrode- 
electrolyte combination and capacitance goal. 
!0 Alternative training processes are within the intended scope of the 

invention. For example, the voltage polarity may be maintained constant 
in the above process, or a charge^iecharge process may be employed to 
widen the van derWaals channels. In such a process, a voltage above the 
today potential is applied between the electrodes, in the manner 
„ disccs^ab^fbraperMoft^andthenthecapa^ 

across an appropriate load. If the voltage polarity is maintained constant 
during this process, or if the voltage polarity is not switched during the 
training process first described, one of the electredes may not actueve 
widened channels, depending on the electrode material and electrolyte 
20 composition. For example, using B^Te, electrodes and a LiClO.-based 
decta) lyte in a training procedure in winch the voltage polarity » 
constant, the electrode having the negative polarity win be intercalated 
with free and solvated Li* ions (and thereby accommodate electrolyte), but 
the electrode of positive polarity will not have the benefit of free and 
25 solvated LT ions beginning to open its lattice channels, and thus the 
aofcated CIO.- ions will not widen those channels to accommodate 
electrolyte; as a result, the electrode of positive polarity will not prov.de 
the extended van derWaals surfaces. It must be noted that a capacitor 
of the design using a single intercalation comnoun-Wectrode CFig. 1A) is 
30 also framed using ttotechniquos describe A process of voltage 

application and v<dtage polarity**^ 

Li* ions and solvated CIO; ions in the electrode, thereby rmmding the 
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abihty to accommodate electrolyte within the electrode and achieve the 
desired electrode surface extension. 

Of particular importance is the fact that th training process does 
not deform or distort the crystal planes of the layered crystalline electrode 
5 material to any significant extent. The extent of crystal plane deformation 
is related to the starting purity and defect density of the electrode 
material, as well as other properties resulting from the growth process; 
fewer initial defects in the crystal result in fewer crystal plane 
deformation sites caused by the training. With little or no crystalline 
10 plane distortion at the end of training, the electrodes' van der Waals 
channels retain the ability to be easily penetrated by the electrolyte ions, 
and can correspondingly develop a double layer in a short time period. 
Also of importance is the fact that the training process widens the van der 
Waals channels beyond their elastic limit; the channels thus do not later 
15 shrink to a smaller dimension. 

Referring now to Fig. 3, the capacitors described above are 
electrically modelled as a circuit 90 with the applied voltage 40, including 
a first capacitor 92 and a second capacitor 94, separated by a resistance 
96. The resistance 96 is that of the electrolyte, and is typically about 
20 0.003 £1 For the single intercalation compound-electrode capacitor (Fig. 
1A) the first capacitor 92 corresponds to the double layer capacitance of 
that electrode 20, while the second capacitor 94 corresponds to the 
capacitance of the electrically conducting container 35. In practice, as a 
result of the container material, this capacitance is many orders of 
25 magnitude lower than that of the electrode 20. As a result, the series 
capacitance of the two capacitors is swamped by the smaller capacitor 94. 
Accordingly, the double intercalation compound capacitor (Fig. IB) is the 
more preferable scheme; here the two capacitors 92, 94 represent the 
double layer capacitances of the two electrodes 20. If each electrode is 
30 identically constructed, thereby exhibiting the same capacitance, the 
overall series capacitance of the capacitor is maximized. 

Double el ctrod capacitors of the design and materials described 
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^ been mad, and «h«t between SMOO ^per co^ 
o^^andannx^resistanceofappros^ Tins 
^ internal resistance provides the ability ta adneve tagh 
power in the capacitor discharge. Theoretically, a numocrystatas 
5 capacitor structure of pare and defect bismuth chalcogezdde would 
e^t 1000 farada per cubic centimeter. Denble layer capacitors b^S 
BLTeg electrodes have been charged to 2.6 volts and observed to erhflnt no 
^^dagradationlbruptoXOOOcycles. Table 3 below tabulates 
thespecn^eneigyotflnscapaatorfbroorrespo^ 

TABLE 3 

Electrolyte Solution Concentration Spe^cEnersy 
Mole Part ilm. 

0.5MIiClO.inPC 70 

lMLiClO.inPC 105 

!5 UMLiClO.inPC 98 

Other embodin*^ of capantarmate^ 
intended as included witbin the spirit and scope of the invention. 
What is claimed is: 
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CLAIMS 

1. A double layer electrolytic capacitor comprising tw electrodes 
each in contact with a common liquid electrolyte, at least ne of said 
electrodes comprising a crystalline material characterized by the presence 

5 of van der Waals channels, the van der Waals channels being adapted to 
accommodate the electrolyte within the channels, whereby a double layer 
of charge iB formed at interfaces of the van der Waals channels and the 
electrolyte when a voltage is applied between the two electrodes. 

2. The capacitor of claim 1 wherein both electrodes comprise 

10 said crystalline material. 

3. The capacitor of claim 2 wherein said two electrodes each 
comprise a monocrystal of said crystalline material. 

4. The capacitor of claim 2 wherein said two electrodes each 
comprise monocrvHtalline powder particles of said crystalline material. 

15 5. The capacitor of claim 2 wherein said crystalline material is 

a bismuth chalcogemde. 

6. The capacitor of claim 2 wherein Baid crystalline material 
comprises a solid solution of Bi,(Te3^Se y ), where x is 1 or 2, and y is 0-3. 

20 7. The capacitor of either of claims 2 or 5 wherein said 

electrolyte comprises a 1.0 M LiCIO, solution in propylene carbonate. 

8. The capacitor of either of claims 2 or 5 wherein said 
electrolyte comprises a 1.2 M solution of organic cation of perchlorate in 
a mixture of propylene carbonate in dimethoxyethane. 

25 9. The capacitor of claim 2 wherein said electrolyte comprises 

an aqueous solution of potassium hydroxide. 

10. The capacitor of claim 2 wherein said electrolyte comprises 
an aqueous solution of single valence metal sulphates. 

11. The capacitor of claim 1 wherein one of said electrodes 
30 comprises an electrically conducting container in which said electrolyte 

and said other electrode are positioned. 

12. The capacitor of claim 4 wherein said monocrystalline powder 
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comprises of manocrystallino partides of approximately 70 microns in a 

largest dimension. 

13. The capacitor of claim 12 further comprising a binding agent 

for binding together said noncrystalline powder particles. 
5 14. The capacitor of claim 13 wherein said binding agent 

comprises 5% polyethylene dispersed in acetone. 

15. The capacitor of claim 13 wherein said binding agent 
comprises a 3% carboxymethylceHulose solution in water. 

16. The capacitor of either of claims 2 or 5 wherein said van der 
10 Waals channels are adapted to accommodate the electrolyte by a training 

process comprising intercalation of the electrolyte into the van der Waals 
channels. 

17. The capacitor of claim 16 wherein said intercalation is 
produced by the application of a voltage between said electrodes, said 

15 voltage being sufficiently high to achieve solvated ionic complex 
penetration of said channels. 

18. The capacitor of claim 17 wherein said voltage is periodically 

reversed in polarity between the electrodes. 

19. The capadtor of claim 18 wherein said voltage is increased 
20 over to from a first voltage sufficient to produce faradaic processes in 

the electrolyte to a second voltage suffirient to achieve electrolyte 

penetration of said c hanne l s . 

20. The capadtor of daim 19 wherein said voltage is applied to 

said electrodes for approximately 600 minutes. 
25 21. The capadtor of daim 20 wherein said voltage is reversed in 

polarity approximately every 30 minutes. 

22. The capadtor of claim 18 wherein said capadtor is 
periodically discharged across a resistive load. 
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